To understand the effect of temperature induced density currents on circular clarifiers, a field study was performed on three uncovered circular tanks in Oregon during periods of low flow and high surface cooling. Temperatures were measured as a function of radial position and tank depth. Meteorological parameters were also measured in order to compute the surface heat flux from the water surface. The water temperatures in the tank were often 20 to 30 o C warmer than the equilibrium temperature.
Introduction
Design of sedimentation tanks for water and wastewater treatment processes are often based on the surface overflow rate (Q/A, where Q is the flow rate and A is the clarifier surface area) of the tank. This design variable is predicated on the assumption of uniform unidirectional flow through the tank. Dick (1982) , though, showed that many full-scale sedimentation tanks do not follow ideal flow behavior because suspended solids removal in a clarifier was often not a function of the overflow rate. Because of uncertainties in the hydrodynamics of clarifiers, designers typically use safety factors to account for this nonideal flow behavior (Abdel-Gawad and McCorquodale, 1984) .
Non-ideal flow behavior can be the result of the following (DeVantier and Larock, 1987; Tay and Heinke, 1983; Wells, 1990 ):
1. inlet and outlet geometry 2. inflow jet turbulence 3. dead zones in the tank 4. resuspension of settled solids 5. density currents caused by suspended solids and temperature differentials within the tank.
Non-ideal flow behavior as a result of temperature and suspended solids differentials in uncovered, circular tanks was studied at three locations in Oregon. The magnitude of vertical velocities induced by surface heat losses was computed and compared with tank overflow rates. Tank overflow rates provided an estimate of the order of magnitude of the critical settling velocity of a particle that could be captured in the tank (Dick, 1982) .
Experimental Methods
Experiments were conducted in Oregon during the winter at wastewater treatment plants in Lake Oswego and Bend. Primary and secondary sedimentation tanks were evaluated at the Bend wastewater treatment plant. The circular tank at the Lake Oswego treatment plant was functioning as a chlorine contact chamber rather than its intended design as a secondary clarifier.
In order to examine the effects of surface cooling, study periods were chosen coinciding with winter weather conditions when surface heat losses would be significant. These conditions were most significant during the early morning hours when plant flow rates were low and winter cooling was greatest.
All the tanks had a centerwell feed, an inlet baffle and a perimeter effluent weir. Figure 1 shows a schematic of the circular tanks, and Table 1 shows physical characteristics of those tanks. Table 2 shows the five study periods and the average flow rates, overflow rates, and detention times for each period.
In order to measure the temperature distributions in these tanks, thermistors at five varying depths were attached to poles 3.3 m in length at three radial positions in the tank. Each thermistor was attached to a computer data logger that recorded temperature continuously during the study periods. The study period for the Bend primary and secondary sedimentation tanks was between 2 and 3 hours. At the Bend treatment plant for both the primary and secondary clarifiers, the thermistors had to be removed and reinstalled into the tank every half hour because of the skimmer and rake arm rotation. Because the Lake Oswego plant had no skimmer or rake arms, the study period was continuous over a period of 4 days. The thermistors were calibrated in the laboratory with a typical error of ±0.2 o C. Figure 2 shows approximate locations of the thermistor array in the circular tank. * This is the approximate detention time of the liquid computed by subtracting the volume of the measured sludge layer from the total tank volume.
On-site meteorological data (air temperature, relative humidity, barometric pressure, solar radiation, wind direction and speed) were measured to calculate the surface heat flux in the tanks. Suspended solids measurements were also made of the inflow and at locations throughout the tank for the secondary clarifier at the Bend treatment plant. Details of this procedure were discussed in LaLiberte (1990).
Experimental Results

Temperature measurements
The inflow to the clarifier could be distinguished from the colder ambient water by using temperature as a tracer. The inlet baffle for each tank caused the inflows to enter initially as a radial submerged buoyant jet.
Experimental data indicated that surface heat loss between the tank inlet and outlet caused temperature losses ranging from 0.5 o C to 1.2 o C. The inlet tank water temperature varied from 11 o C to 14.3 o C, while the equilibrium temperature (see Appendix A) varied from -7 o C to -32 o C during the study periods. Evidence of thermal inversions was found during each study period.
The first study was performed on the primary clarifier in Bend on 1/21/89. Well-mixed vertical conditions were typical for much of the study period since most water temperatures ranged between 14.6 o C and 14.2 o C. For about 1.5 hours of the 2 hour study period, temperatures at a depth of 2.3 m and at a radial distance of 7.6 m were consistently about 0.5 o C greater than in other areas of the tank.
For the secondary clarifier on 1/22/89, water temperatures varied from 13.6 o C to 12.9 o C. Again the probe at a depth of 2.3 m and a radial distance of 7.6 m indicated warmer temperatures than all the other probes by approximately 1 o C. In order to obtain more information about temperature inversions, the bottom temperature probes were set at a depth of 2.7 m during the next set of studies at Bend. At Bend on 3/4/89 and 3/5/89 in both the primary and secondary clarifiers, a characteristic warmer inflow moving along the tank bottom and rising in the middle of the tank was observed. Figure 3 shows temperature as a function of depth and radial position at 5:20 am on 3/4/89 for the primary clarifier. These data illustrate that the warm inflow rose after the initial momentum decayed and the suspended solids of about 200 mg/l settled. The point around 9 m from the center of the tank may indicate a stagnation point where downwelled, cooler, surface water meets the inflow.
This phenomenon was more clearly observed during the 3/5/89 study on the Bend secondary clarifier, where overflow rates were less and suspended solids were higher (inflow suspended solids were about 2000 mg/l) than in the primary clarifier. Figure 4 shows the temperature regime in the tank at 2:46 am . These data show that the inflow temperature was often warmer than that of the water on the tank surface. The inlet baffle caused the inflow to enter as a density underflow. The buoyancy of the inflow became more dominant as solids settled and momentum diminished. Figures 5 and 6 demonstrate clearly the warmer bottom temperatures and cooler surface temperatures by comparing temperature as a function of time and radial position at depths of 0.1 m and 0.9 m, respectively. The temperatures were always warmest at the radial position of 7.6 m, and coolest near the outer walls of the tank. Apparently the inflow rises near the 7.6 m radial position and then cools along the surface as it moves outward toward the perimeter. The cool surface water seemed to plunge near the outer wall since vertical temperatures near that boundary were of the same magnitude as the surface temperatures.
Suspended solids grab samples were also measured during this time throughout the tank and are shown in Figure 7 . The suspended solids data may indicate an area of scour in the region at about 10 m from the center of the tank as a result of downwelled surface water or the rake arm motion. Even the flow field is difficult to interpret from the suspended solids data, these data may also suggest that the inflow upwelled around 7-8 m from the center of the tank.
The study at Lake Oswego was performed between 2/3/89 and 2/7/89. The flow rate and the air temperature during this period are shown in Figure 8 . The coolest air temperatures coupled with the lowest flow rates resulted in the greatest cooling potential. Figures 9, 10 and 11 show temperature data from the Lake Oswego treatment plant's radial chlorine contact chamber at radial distances of 1.5 m, 2.4 m, and 10 m from the center of the tank, respectively. This tank had the highest overflow rates and hence the greatest inflow turbulence. Hence, the inflows often produced vertically well-mixed conditions. At the position nearest the outflow located at a radial distance of 10 m, a similar pattern of warm water at the bottom and cooler water at the surface was seen. Though temperatures in the bottom layer were generally 1 o C warmer than those in the surface layer, this did not occur at all times.
Heat flux calculations
Using measured meteorological data, the net surface heat flux was computed during each study. Details of the calculation technique are shown in Appendix A.
A hydraulic parameter that characterizes the hydrodynamic regime during winter cooling is the Richardson Flux number, ℜ f (Turner, 1974) . This number is a ratio of the turbulent energy absorbed by buoyancy to that generated by shear. This term is defined as For ℜ f <0, buoyancy or surface cooling augmented the turbulence in the tank. Whenever ℜ f <<-1, turbulence from surface cooling dominated turbulent production. The approximate turbulent velocity scale, u t , associated with this convective mixing, assuming that the production rate of turbulence by buoyancy is B and this is balanced by the dissipation of turbulence,
In a radial tank, the magnitude of the inflow velocity decreases rapidly from the inlet baffle to the tank perimeter. Hence, the turbulence induced by the inflow and boundary shear has less and less importance away from the inlet baffle. If the order of magnitude of thermally induced vertical mixing is greater than the overflow rate (representative of the critical sedimentation velocity of a particle), particle sedimentation could be significantly affected. Table 3 provides a summary of the recorded meteorological data and calculated hydraulic parameters for the 5 study periods. The large negative value of the net surface heat fluxes indicated that considerable heat loss occurred during the study periods. These data demonstrated that turbulence induced by surface cooling was the predominant source of turbulence in the tank. Because ℜ f was <<-1, the turbulent velocity scale, u t , was appropriate for estimating the magnitude of the convective vertical mixing induced by surface cooling. Since u t was about two orders of magnitude greater than the overflow rate, Q/A, particle sedimentation may be significantly inhibited for those particles with settling velocities of magnitude u t or less. The magnitude of the vertical velocity scales was of order 6 X 10 -3 m/s (520 m/d). This vertical velocity corresponds to the settling velocity of a 150 µm diameter particle or floc with a density of 1.5 g/cm 3 . Hence, sedimentation of particle sizes less than 150 µm could be affected by convective currents. (500)
Summary and Conclusions
Temperature data from this study indicated that ideal, uniform flow often does not occur in sedimentation tanks when subject to winter cooling. The degree of non-uniformity is a complex function of inflow conditions (temperature, suspended solids, flow rate, tank geometry, and inlet baffle design) and meteorological conditions. Hence, design approaches for sedimentation tanks should consider how inflow conditions and meteorological conditions impact tank hydraulics. This impact can be evaluated by the use of flow models that account for these processes. Hydrodynamic models of these processes generally neglect the impact of turbulence produced by convective currents. For example, DeVantier and Larock (1987) neglected the effect of buoyancy production on turbulence in the tank because of computational limitations and because the effect of buoyancy on tank hydrodynamics was considered of secondary importance. McCorquodale (1997) showed that currently available models of these processes account for the impact of the inlet baffle on tank hydrodynamics, but do not account for the impact of atmospheric heating or cooling.
In uncovered clarifiers subject to significant winter cooling, vertical convective currents induced by surface cooling have the potential to hinder the settling of suspended solids.
Specific conclusions of this study were:
• the inlet baffle controlled the hydraulics of the dense underflow by forcing the inflow initially to follow the tank bottom and later to rise because of buoyancy effects • temperature inversions in uncovered circular tanks of 1 o C were common during the study periods • in the early morning hours before dawn in the winter, conditions for significant temperature losses were greatest because inflow rates were lowest and cooling rates were highest • particle sedimentation may have been inhibited by vertical convective circulation patterns in the tanks during periods of low flow and high heat loss since calculated vertical velocities were about 2 orders of magnitude greater than tank overflow rates.
Appendix A. Surface Heat Flux Calculations
The following equation from Ryan et al. (1974) was used to compute the net surface heat flux, ϕ n : The equilibrium temperature, the theoretical temperature that the water body would reach at steady-state, was computed by solving for T s in the above equation when ϕ n was set equal to zero. 
